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CHAPTER I.  TRANSVERSE TOPOGRAPHIC DEVELOPMENT DUE TO THE 
REACTIVATION OF A PARTIALLY-SUBDUCTED FRACTURE ZONE: THE 
SOUTHWEST HSÜEHSHAN RANGE, CENTRAL TAIWAN 
Abstract — The southwest flank of the Hsüehshan Range is defined by a topographic 
break which cuts across regionally mapped structures in central Taiwan.  The mountain 
front trends ~345°, slightly oblique to the Sanyi-Puli seismic zone which has been 
previously interpreted as a reactivated continental margin fracture zone.  Structural data 
collected along the length of the topographic break reveal two populations of cross-
cutting faults with distinct fault-zone materials and a series of southwest-plunging folds.  
Paleostress axes were reconstructed using the P-B-T axes, right dihedra, and Gauss 
paleostress methods.  Stress inversion results yield an azimuth of maximum horizontal 
shortening for early-stage faults of 315°, subparallel to the current relative plate 
convergence vector, and 252° for late-stage faults, approximately normal to the 
topographic break.  In addition, rock uplift rates were examined by extracting normalized 
steepness indices from streams with catchments ≥ 10 km2 within the Tachia, Peikang, and 
Mei River basins.  With the incorporation of precise leveling data, zones of equal 
steepness coincide with increases in rock uplift rates from 5.15 ± 1.55 mm/yr in the Puli 
basin to 15.9 ± 1.88 mm/yr west of the Lishan fault zone, delineating a northwest-
trending boundary consistent with the late-stage maximum compressive stress 
orientation.  These results suggest that spatial variations in uplift rates across the 
topographic break are accommodated by the late-stage fault population.  We propose that 
the formation of these late-stage structures is causally linked to the partial-subduction of 
a continental margin promontory and fracture zone. 
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 INTRODUCTION 
The rifted architecture of continental margins emits a first-order constraint 
on the development of curvature in collisional mountain belts (Marshak, 2004; Thomas, 
2006).  Taiwan provides an opportunity to study the active evolution of two types of 
curvature, structural and topographic, aided by a dense network of geodetic instruments.  
Previous authors have linked the sinusoidal shape of foreland folds and faults with along-
strike changes in sedimentary cover thickness and reactivated normal faults which bound 
pre-orogenic depositional basins (Lacombe and Mouthereau, 2002; Mouthereau et al., 
2002; Lacombe et al., 2003; Mouthereau and Lacombe, 2006).  However, the extent to 
which the preexisting architecture of the Eurasian continental margin modulates 
topographic curvature at higher elevations (>1000 m) remains unclear.  Here we examine 
a transverse topographic break that cuts across locally mapped faults, trending slightly 
oblique to a previously recognized basement fracture zone, the Sanyi-Puli seismic zone.  
The topographic front is roughly defined by the 1000 m contour and forms the southwest 
flank of a regional topographic salient ~40 km from the fontal thrust of the mountain belt.  
We investigate brittle deformation and vertical displacement rates across the transverse 
mountain front in order to unravel the relationship between upper crustal strain and the 
basement fracture zone.  These data inform a new interpretation of topographic evolution 
in central Taiwan which is related to the reactivation of a partially-subducted continental 
margin promontory and fracture zone. 
Rifted continental margins are often irregular and truncated by fracture 
zones which allow for lateral-slip between offset rift segments.  Displacement may occur 
along transfer faults or within complex accommodation zones composed of both oblique-
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slip faults and or partitioned fault systems.  These preexisting structural anisotropies can 
be incorporated into collision zones where they are reactivated as lateral- or oblique-
ramps characterized by strike-slip faults, en echelon folds, positive flower structures, 
imbricate lateral connectors, and curved thrust faults (Lu et al., 1997).  Analogue 
modeling has shown that faults forming above basement discontinuities are oriented 
obliquely to the overall structural trend of the collision belt (Lu and Mallavieille, 1994; 
Calassou et al., 1993).  These transverse faults are collectively referred to as tear fault 
zones.  Although no surficial expression of a tear fault has yet been discovered in 
proximity to the Sanyi-Puli seismic zone, the geometry and kinematics of earthquakes 
gives reason to suggest the presence of a crustal-scale structure at depth. 
The Sanyi-Puli seismic zone is approximately ~100 km long and contains 
two distinct seismogenic layers at approximately 5 – 13 km and 20 – 33 km depth (Wu 
and Rau, 1998; Chen and Chen, 2002).  On the basis of the northwest trend of seismicity, 
current relative plate convergence, and a number of strike-slip focal mechanisms, the 
Sanyi-Puli seismic zone has been interpreted as a left-lateral transfer fault accompanied 
by transpressive thrusting (Deffontaines et al., 1997; Wu and Rau, 1998).  Seismic energy 
release from 1973 to 1997 was markedly elevated along the Sanyi-Puli seismic zone, 
forming the northern edge of a heel-shaped seismogenic boundary under western Taiwan 
(Lin, 2001).  In addition, Deffontaines et al. (1994) identified an area of transfer faulting 
above the Sanyi-Puli seismic zone using side-looking airborne radar and satellite imagery 
to locate morphotectonic lineaments oblique to the thrust belt.  Based on the available 
data, these observations are suggestive of a major structural discontinuity which extends 
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to a minimum depth of ~30 km and is currently influencing deformation within the upper 
crust. 
Adjacent to the Sanyi-Puli seismic zone, other structural offsets have been 
imaged by geophysical studies.  Nissen et al. (1995) conducted deep penetration seismic 
refraction transects across the passive margin of the South China Sea basin to the 
southwest of Taiwan.  These data reveal a thick layer of high velocity crust between    
~15 - 30 km depth where P-wave velocities increase to > 7.0 km/s.  These layers were 
interpreted to be composed of magmatically underplated gabbros that cooled at the rifted 
edge of the South China Sea basin.  The thick gabbroic layers are comparatively rich in 
ferromagnesian minerals relative to the nearby silicic continental crust, providing a 
probable mechanism for the generation of a magnetic anomaly.  Subsequent surveys 
revealed a linear magnetic anomaly high coincident with the change in lower crustal 
velocity.  This magnetic anomaly high extends beneath southern and central Taiwan and 
is truncated in a left-stepping fashion just north of the Puli basin, sub-parallel to the 
Sanyi-Puli seismic zone, diffusively reappearing to the northwest of Taiwan (Fig. 1.1) 
(Hsu et al., 1998).  Taken together, the magnetic anomaly high and coinciding high 
velocity zone have been previously interpreted as a proxy for the edge of the Eurasian 
continental crust (Byrne et al., 2008).   
To the north of the Puli basin, the transverse topographic break trends 
slightly oblique to the Sanyi-Puli seismic zone, cutting across regionally mapped faults 
and stratigraphic contacts.  This topographic break forms the southwest flank of the 
Hsüehshan Range and wraps around the continental margin fracture zone, forming the  
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Figure 1.1.  (a) Digital elevation model of west-central Taiwan.  Field sites follow 
northwest-trending topographic break of Hsüehshan Range.  (b) Base map constructed 
from magnetic anomaly data after Hsu et al. (1998).  Black dots represent earthquakes 
within Sanyi-Puli seismic zone.  Dashed line approximates the northeast-trending 
magnetic anomaly high which steps toward the Eurasian continent in a truncation zone 
approximately coincident with earthquakes within the Sanyi-Puli seismic zone.  Box 
represents extent of Figure 1.1a.   
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northern limb of a salient-recess pair centered on the Puli basin.  We present a 
compilation of field observations and perform paleostress inversions of fault-slip data 
along this northwest-trending mountain front.  In addition, we analyze range-front 
drainage basins in order to visualize spatial variations in river steepness indices, and use 
precise leveling data to compare changes in river steepness with contemporary rock uplift 
rates.  In conjunction with an array of other data, our results suggest that the southwest 
flank of the Hsüehshan Range records two stages of faulting, the latest stage 
accommodating differential uplift rates across the topographic break.   
TECTONIC FRAMEWORK OF TAIWAN 
The island of Taiwan straddles the convergent boundary between the 
Philippine Sea plate and the Eurasian plate ~150 km from China’s southeastern coast.  To 
the northeast of Taiwan, the Philippine Sea plate subducts along the north-dipping 
Ryukyu arc-trench complex, whereas to the south of Taiwan, the South China Sea 
underthrusts the Philippine Sea plate in an east-dipping subduction zone at the Manila 
trench (Fig 1.2) (Teng, 1990).  Taiwan consists of an active collisional belt formed as a 
result of the impingement of the Luzon magmatic arc on the Eurasian continental margin 
beginning in Plio-Pleistocene time (Ho, 1986; Teng, 1990).  The initial timing of the arc-
continent collision remains controversial.  The earliest evidence for the subaerial 
exposure of the mountain belt is documented by a rapid increase in sedimentation, 
subsidence, and up-section metamorphism in the foreland basin sequence at 
approximately 6.5 Ma (Lin et al., 2003).  However, thermochronometry studies indicate  
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Figure 1.2.  Geotectonic setting of Taiwan (Fuller et al., 2006).  Inset depicts plate 
configuration in vicinity of Taiwan.   
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that the dominant phase of mountain building began more recently at approximately 2-3 
Ma (Liu, 1982; Byrne et al., 2011).  In addition, fission-track data from the Central Range 
reveal that a period of rapid uplift began in the southern portion of the mountain belt 
roughly ~1 Ma and in central Taiwan around ~2 Ma (Lee et al., 2006). 
Currently, the convergence vector of the Philippine Sea plate relative to 
the Eurasian plate is approximately 306° azimuth at ~8.2 cm/yr as determined by GPS 
observations (Yu et al., 1997).  The oblique nature of convergence between the north-
trending Luzon arc and the northeast-trending Eurasian continental margin has resulted in 
the southward propagation of the collision by approximately 90 km/Ma (Suppe, 1981).  
This time-for-space equivalence provides an opportunity to study different stages in the 
structural evolution of the mountain belt along its length.  Following this relationship, 
moving a distance of 90 km towards the south is the same as viewing the orogen 1 Ma 
back in time (Suppe, 1981).  However, more recent estimates performed by Byrne and 
Liu (2002) predict a slower propagation rate of 55 km/Ma.  Thus, the geometry and 
kinematics of the orogen result in pre-collisional tectonics to the south of the Hengchun 
Peninsula in the offshore accretionary prism, active collision in the central and southern 
portions of the exposed mountain belt, and post-collisional tectonics in northern Taiwan 
(Teng, 1990).   
Taiwan can be divided into five major lithotectonic units from west to 
east: the coastal plain, western foothills, a slate belt, pre-Tertiary metamorphic complex, 
and coastal range (Fig. 1.2) (Ho, 1986).  The coastal plain is an undeformed foreland 
basin sequence of clastic sediments which were deposited beginning in the early 
Pliocene.  The western foothills are a fold-and-thrust belt composed of imbricate thrust 
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sheets which expose unmetamorphosed to zeolite-grade Miocene-Pleistocene rocks.  The 
slate belt can be further divided into three tectonostratigraphic domains: (i) the Eocene-
Oligocene slates of the Hsüehshan belt, (ii) Miocene slates of the Lushan Formation in 
the western Backbone belt, and (iii) Eocene slates of the Pilushan Formation exposed in 
the eastern Backbone belt (Ho, 1986).  The pre-Tertiary metamorphic complex represents 
the unroofed Eurasian basement and is chiefly composed of schists and marbles 
metamorphosed at greenschist to localized amphibolite facies conditions (Ho, 1986; Chen 
et al., 1983).  The Coastal Range belongs to the Philippine Sea plate and represents the 
subaerial exposure of the Luzon arc, while the other four lithotectonic units correspond to 
the underthrusting Eurasian plate (Ho, 1986).  These units are bounded by major fault 
zones which include the Chuchih fault, also known as the Shuilikeng fault, which 
separates the western foothills from the slate belt, the Lishan fault which separates the 
Hsüehshan belt from the western Backbone belt, and the Longitudinal Valley fault, which 
is accepted as the suture between the Phillipine Sea Plate and the Eurasian Plate (Ho, 
1986).   
Architecture of the Eurasian Continental Margin in the Vicinity of Taiwan 
Structural offsets produced during rifting are generally reflected by 
changes in the shape and depth of overlying sediments.  Along-strike offsets in 
sedimentary thickness are observed to the west of Taiwan where a highly faulted 
basement composed of Cretaceous sedimentary rocks is unconformably overlain by 
Cenozoic syn-rift, post-rift, and foreland basin sediments.  The post-Cretaceous 
succession was deposited as growth-strata in several fault-bounded offshore basins which 
include the Taihsi and Tainan basins (Fig. 1.2).  Seismic reflection and well-log data 
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indicate that the dominant phase of rifting occurred in the northern Taihsi basin between 
~58 - 30 Ma, while the southern Tainan basin formed during two younger rift events from 
~30 - 21 Ma and ~12.5 - 6.5 Ma (Lin et al., 2003).  Both the break-up unconformity and 
basal foreland unconformity isopach are offset in central Taiwan (Lin et al., 2003).  This 
offset was most likely accommodated by the growth of the Sanyi-Puli transfer zone 
which connected the northern and southern rift segments.  In turn, this transfer zone 
impeded the propagation of the Taihsi basin towards the south, resulting in the thinning 
of the overlying cover series in an orientation consistent with the trends of the Sanyi-Puli 
seismic zone and magnetic anomaly truncation (Byrne et al., 2011). 
The stepping of the rift margin towards the southeast resulted in the 
isolation of a relatively shallow patch of continental crust, the Peikang basement high, 
which occupies a triangular zone between the Taihsi and Tainan basins.  The magnetic 
anomaly high trends parallel to the eastern edge of the Peikang high while the northern 
edge forms a gradational boundary that trends roughly parallel to the Sanyi-Puli seismic 
zone.  Miocene sediments deposited in the Taihsi basin have propagated across the 
continental margin fracture zone (Byrne et al., 2011), thinning towards the south as they 
lap onto the Peikang high (Lin et al., 2003). 
In summary, the probable geometry of the collisional footwall in west-
central Taiwan is nonlinear and steps laterally in the vicinity of the Sanyi-Puli seismic 
zone at approximately 24° N.  The geometric relationship between basement structures in 
this area supports interpretations which propose that the Sanyi-Puli seismic zone 
delineates the northern limit of a continental margin promontory (Byrne et al., 2011).  
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The promontory’s leading edge may be actively indenting the orogen as indicated by a 
zone of conspicuously low relief centered on the Puli basin. 
Curvature in the Collisional Hangingwall 
The development of curvature in collisional mountain belts is 
fundamentally controlled by the initial geometry and thickness of offshore depositional 
basins (Marshak et al., 1992; Mitra, 1997).  Studies modeling critical wedges in curved 
fold-and-thrust belts have shown that the spacing and orientation of thrust sheets are 
governed by the initial basin geometry (Boyer, 1995).  Salients propagate where sediment 
thickness is greatest, while shallow basins overlying basement highs impede the 
propagation of the thrust front resulting in the development of a recess (Weil and 
Sussman, 2004).  In active fold-and-thrust belts such as in Taiwan, map-view structural 
curves are normally accompanied by topography which should parallel the trend of the 
faults. 
In central Taiwan, the Shuilikeng, Shuangtung-Hsiaomao, Chelungpu, and 
Changhua faults show a progressive increase in curvature from east to west as thrusting 
has propagated over the Peikang basement high.  A transfer fault zone along the 
northwest-trending segment of the Changhua fault between the Pakua and Tatu anticlines 
was proposed to accommodate lateral variation in thrust front advance (Lee et al., 1996).  
Curvature is also observed in a convex seismic boundary (Lin, 2001) that roughly defines 
the edges of the continental margin promontory.  To the west of this boundary, 
earthquakes are comparatively infrequent and GPS data indicate a divergence in 
horizontal vectors as crust to the east is squeezed around the low-seismicity block (Lin, 
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2001).  These data suggest that the block of crust internal to the heel-shaped zone of 
seismicity is mechanically stronger than crust to the east (Lin, 2001).   
Curvature is also present in the topographic grain of the Hsüehshan Range.  
This curvature is best expressed in central Taiwan along the southwest flank of the 
Hsüehshan Range which forms the northern limb of a salient-recess pair that curves 
around the Puli basin.  The mountain front trends ~20° clockwise from the Sanyi-Puli 
seismic zone and truncated continental margin magnetic anomaly and approximately 
parallels the 1000 m contour (Fig. 1.1).  Further to the north in the central Hsüehshan 
Range, topography and stratigraphy merge back into parallelism.  The lack of parallelism 
between topography and regionally mapped structures in the Puli basin area provided the 
fundamental motivation for this study and presents an opportunity to study the local 
structures and uplift patterns along the boundary of an active topographic salient. 
THE PULI BASIN REGION: STRATIGRAPHY, METAMORPHISM, AND 
STRUCTURE  
In central Taiwan, a topographically depressed zone at approximately 24° 
N, 121° E ~40 km east of the Changhua fault is accompanied by a string of five basins 
which collectively compose the intramountain Puli basin chain. The basins become 
progressively smaller towards the south and are aligned in a NNE-SSW direction.  
Although the basins are floored by rocks associated with the Hsüehshan slate belt, the 
Puli basin region does not belong to the same physiographic province as the Hsüehshan 
Range.  As discussed previously, the topographic expression of the Hsüehshan Range is 
non-parallel to mapped formations, curving around the Puli basin area. 
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To the north and east of Puli basin, the Hsüehshan Range rises to > 3500 
m, extending for approximately 200 km along the island’s length.  The belt varies in 
between 10 - 40 km in width forming a broadly curved salient over much of northern 
Taiwan.  Rocks in the Husheshan belt are composed of a thick package of Oligocene 
strata with minor Eocene and Miocene units (Chen, 1977; Teng et al., 1991).  According 
to Teng et al. (1991), these sediments were deposited in the Hsüehshan trough, a 
Paleogene depositional basin occupying a fault-bounded half-graben that formed during 
the break-up of the Eurasian margin.  Sediments in the trough sloped away from the 
Kuanyin high, thickening toward an outer basement high that now represents the 
Backbone Range.  These sediments were deposited during periods of rapid sea-level 
fluctuation (Teng et al., 1991).  As a result, facies changes are abundant, many of which 
contradict global sea-level curves, but can be explained by tectonically induced basin 
subsidence (Teng et al., 1991).  The resultant instability of the depositional environment 
left much of the Hsüehshan belt lithologically indistinct.  Strata are primarily composed 
of interbedded pelites of variable metamorphic grade and quartzitic sandstones, a 
reflection of the rapid changes in sea level and subsidence within the Hsüehshan trough.  
In the following sections, the stratigraphy, metamorphism, and structure of the 
Hsüehshan Range in the Puli basin area will be discussed. 
Stratigraphy  
In the Puli region, the major Eocene-Miocene strata that compose the 
Hsüehshan belt are the Tachien Sandstone, Chiayang Formation, Paileng Formation, and 
Shuichangliu Formation.  The Tachien Sandstone overlies the Eocene Shihpachunghsi 
Formation and is composed of massive fine- to coarse-grained quartzitic sandstone 
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intercalated with carbonaceous shales and slates (Chen, 1977).  Biostratigraphic zones are 
difficult to identify because of the poor preservation of microfossils.  However, bivalves 
have been observed at a number of localities within the Tachian Sandstone and are 
probably Eocene in age (Tan, 1944).  The Chiayang Formation conformably overlies the 
Tachien Sandstone and is characterized by a thick series of slate with minor sandstone 
and siltstone intercalations.  Total formation thickness exceeds 3,000 meters in the 
eastern Hsüehshan Range (Chen, 1977).  Fossils are also scarce, although some date the 
Chiayang Formation to the Oligocene (Chang, 1971).  Gradually thinning to the west, the 
Chiayang Formation interfingers and is replaced by the Paileng Formation (Chen, 1979).  
The Paileng Formation is composed of thick, white to gray, quartzitic sandstone 
interbedded with argillite and slate and has been tentatively assigned an Oligocene age 
based on stratigraphic relations (Chen, 1977).  In contrast to the more indurated rocks to 
the east, the late Oligocene to early Miocene Shuichangliu Formation is very weakly 
metamorphosed and is chiefly composed of black argillite and shale. 
The subdivision of stratigraphic units in the Hsüehshan Range has 
remained problematic because of a scarcity of index fossils and lithologic markers which, 
if more abundant, could help differentiate the monotonous succession of sandstones and 
slates (Chen, 1977).  These difficulties are further compounded by dense vegetation and 
frequent landsliding.  In addition, lateral facies changes have significantly impeded the 
correlation of stratigraphic units in the region.  For example, along the eastern boundary 
of the Hsüehshan Range, the massive Szeleng Sandstone has been correlated with the 
finer interbedded Meishi Sandstone (Chen, 1977) and possibly slates in the Chiayang 
Formation (Lee et al., 1997).  New paleontological and structural evidence presented by 
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Brown and Alvarez-Marron (2010) adds further complexity to the stratigraphic 
relationships.  A major fault which juxtaposes the Tachien Sandstone on top of the 
Chiayang Formation was found, suggesting that these formations may not represent a 
continuous section of upward-younging strata.  In addition, foraminifera dated to the 
early to middle Eocene were found in the Meihsi Sandstone, an observation inconsistent 
with known fossil zonation (Brown and Alvarez-Marron, 2010).  As a result, stratigraphic 
correlation between Eocene-Oligocene slates and sandstones in the Hsüehshan Range 
may need to be revised.   
Metamorphism  
Strata in the northern Hsüehshan Range record a history of dynamic 
metamorphism associated with the Plio-Pleistocene collision (Chen et al., 2011a).  Illite 
crystallinity and peak metamorphic temperatures revealed using Raman Spectroscopy of 
Carbonaceous Materials (RSCM) increase from west to east towards the core of the belt 
(Chen et al., 1983; Chen et al., 2011a).   In contrast, peak temperatures and metamorphic 
grade in the central and southern portions of the Hsüehshan Range increase down-section 
within the older stratigraphic units and do not linearly increase from west to east.  This 
observation has been interpreted to reflect a history of burial metamorphism (Chen et al., 
2011a) which is further supported by the zonation of metamorphic facies.  Illite 
crystallinity studies show that metamorphic isograds are regionally folded with 
stratigraphy along long wavelengths in the southern portions of the belt (Fig. 1.3) (Chen 
et al., 1983).  In spite of the folded isograds, RSCM temperatures and illite crystallinity 
unmistakably decrease across the Lishan fault zone where Miocene slates of the Lushan 
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Figure 1.3.  Metamorphic facies map of central Taiwan modified after Chen et al. (1983). 
Circles, squares, and triangles correspond to sampling locations used to determine illite 
crystallinity.  Along-strike variation in metamorphic grade across the rift-margin fracture 
zone was interpreted to be accommodated by northwest-trending faults. 
18 
 
 
 
Formation were metamorphosed at prehnite-pumpellyite conditions (Chen et al., 1983; 
Beyssac et al., 2007).   
Metamorphic facies zones are particularly helpful in discerning 
stratigraphic and structural relationships in the southern Hsüehshan Range.  The 
greenschist facies isograd can be used to trace the exposure of the Tachien Sandstone 
because the first occurrence of biotite appears down-section completely within it (Yen, 
1973).  The Tachien Sandstone is exposed at the core of two structural highs along the 
Central Cross-Island Highway, the Pahsinlu and Tachien anticlines.  Within these 
anticlines, the greenschist facies isograd is folded and can be used to constrain the 
exposure of the Tachien Sandstone.  As a consequence, this unit has been more 
accurately mapped compared to other members of the Eocene-Oligocene sequence and 
can further aid in understanding the variability in metamorphism and exhumation across 
the continental margin fracture zone.    
The Tachien Sandstone crops out just north of the fracture zone, while on 
the southern side submetamorphic to zeolite-grade rocks from the younger Paileng 
Formation are exposed.  The along-strike change in stratigraphic horizon and 
metamorphic induration on either side of the fracture zone suggests that rocks north of the 
Puli basin were exhumed from deeper structural levels.  In contrast, strata on top of the 
continental margin promontory have undergone a lesser degree of exhumation.  Chen et 
al. (1983) separated the offset in metamorphic grade with a northwest-trending fault as 
seen in Figure 1.3.  In summary, the geometry of the promontory appears to be consistent 
with the pattern of metamorphism in the Puli area.  The abrupt along-strike changes in 
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metamorphic induration suggest that the continental margin promontory has to some 
degree influenced exhumation rates to the north and south of the fracture zone.   
Structure 
The Hsüehshan Range is generally recognized as a pop-up structure (Clark 
et al., 1993; Lee et al, 1997) bounded to the east by the steep west-dipping Lishan fault 
and to the west by the east-dipping Shuilikeng fault.  Based on structural-stratigraphic 
studies, Teng et al. (1991) concluded that the Lishan fault bounded the Hsüehshan 
Trough to the east as a normal-displacement fault, accommodating extension 
synchronously with rifting and subsidence in the South China Sea basin.  Following this 
interpretation, during the Plio-Pleistocene collision, the Lishan fault was reactivated as a 
back thrust.  An absence of reliable shear markers within the Lishan fault zone makes an 
accurate determination of the sense-of-slip difficult (Lee et al., 1997).  However, Clark et 
al. (1993) observed counterclockwise rotations of synkinematic pressure shadow fibers 
(viewed to the NE) immediately west of the Lishan fault.  The rotated fibers were 
interpreted to reflect top-to-the-SE simple shear, consistent with backthrusting. 
In contrast to the non-coaxial strain history recorded in the western 
Backbone belt, pressure shadow fibers record dominantly pure shear, plane strain 
deformation in the Hsüehshan belt (Tillman and Byrne, 1995).  Tillman and Byrne (1995) 
proposed that the coaxial strain history can be explained by the Lishan fault functioning 
as a steeply dipping, rigid backstop.  With the addition of cleavage orientation data, the 
pop-up structural model provides the best agreement with kinematic indicators observed 
in the Hsüehshan belt (Tillman and Byrne, 1995). 
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The geometry and kinematics of the Shuilikeng fault also remains unclear.  
Although poorly resolved by seismic reflection data, the Shuilikeng fault is interpreted to 
dip steeply toward the east, extending into the middle crust (Wang et al., 2002; Camanni
et al., 2011).  Stream-gradient studies from the Wu and Peikang Rivers, which cut 
through the Shuilikeng fault zone, indicate that the fault is active (Sung et al., 2000; 
Yanites et al., 2010).  The Shuilikeng fault trends roughly N-S, oblique to the southwest 
termination of the Hsüehshan Range, as do other traces of mapped faults and the axial 
traces of folds north of the Puli basin.  The local structural trend suggests that other fault 
systems may exist along the topographic break to accommodate the differential uplift of 
the Hsüehshan Range relative to the Puli basin.  Although no other studies have directly 
addressed this question, Camanni et al. (2011) drew attention to the merger of the 
Alenkeng, Checheng, and Tili faults with the Shuilikeng fault to the south of the Puli 
basin, concluding that the map-view pattern is suggestive of a transpressional fault 
system. 
Along the Central Cross-Island Highway, folds at the core of the 
Husehshan Range are typically open to tight with sub-vertical to steeply southeast-
dipping axial planes; fold axes trend  northeast and are roughly sub-horizontal (Clark et 
al., 1993; Tillman and Byrne, 1995).  Mesoscopic folds are normally cylindrical and also 
slightly asymmetric with somewhat steeper NW-dipping forelimbs.  Down-dip 
slickenlines are present on bedding contacts on both limbs of folds, indicating flexural-
slip folding accompanied shortening (Clark et al., 1993; Tillman and Byrne, 1995; Fisher 
et al., 2002).  Fibrous steps on bedding-parallel faults yield a thrust sense while weaker 
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shale horizons have been extensively sheared; resulting in the formation of thin gouge 
zones (Fisher et al., 2002). 
The development of cleavage occurred relatively late in the structural 
history of the Hsüehshan Range (Fisher et al., 2002).  A penetrative axial-planar slaty 
cleavage is well developed in the finer grained rocks that compose the Chiayang and 
Paileng Formations.  Rocks with a strong cleavage contain a down-dip stretching 
lineation and cleavage strikes approximately parallel to bedding (Tillman and Byrne, 
1995), observations consistent with plain strain deformation.  Cleavage commonly cuts 
bedding-plane faults associated with flexural slip, implying that cleavage formation post-
dated folding, possibly when fold tightening became an inefficient mechanism to 
accommodate shortening (Tillman and Byrne, 1995).  Late-stage, conjugate strike-slip 
faults cut both cleavage and bedding-parallel faults, yielding a NW-trending σ1, which 
roughly parallels current relative plate convergence.   
Based on the available stratigraphic, metamorphic, and structural studies, 
the southern Hsüehshan Range records a history of burial metamorphism followed by 
folding, limb tightening, cleavage development, and conjugate strike-slip faulting (Fisher 
et al., 2002).  Previous authors have synthesized this history from data collected primarily 
at the core of the Hsüehshan Range, which is presumably isolated from localized 
discontinuities in the stress field at the edges of the curvilinear range front.  In the 
following section, these data will be used as a baseline to compare structural geometries 
and fault kinematics collected along the topographic break. 
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ANALYSIS OF BRITTLE DEFORMATION ALONG THE TOPOGRAPHIC 
BREAK 
In the following section, we present new structural data and use several 
stress inversion methods to determine the orientations of the principal stress axes from 
faults along the northwest-trending topographic break of the southwest Hsüehshan 
Range. 
Fault-Slip Data Collection 
Field data were collected at 45 sites along the 40-km-long topographic 
break between 24° 00’ - 24° 20’ Lat. N and 120° 53’ - 121° 02’ Long. E (Fig. 1.4).  The 
topographic break trends 345° and was defined by a break in hillslope values greater than 
and less than 10° averaged over a 1-km resolution grid.  Several major rivers and one 
road that cross the mountain front were used to gain access to outcrops.  From north to 
south, these structural stations are the Daan River, DaHsüehshan Forest Rd., Tachia 
River, Peikang River, and Mei River.  Outcrops were selected based on (a) proximity to 
the topographic break, (b) relative quality of exposure to establish whether the outcrops 
were in place, and (c) accessibility.  Field sites were distributed along the length of the 
mountain front so as not to produce a spatially heterogeneous data set which could 
obscure meaningful stress inversion results. 
The majority of field sites are located in sandstones intercalated with slate 
and argillite.  Because of the strong competency contrast between beds, faults formed 
preferentially within the weaker slate and argillite horizons.  In the north, field data 
collected along the Daan River and DaHsüehshan Forest Rd. are from low-grade 
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Figure 1.4.  (a) Equal-area, lower-hemisphere stereographic projection of all fault-slip 
data.  Dip-slip faults are defined as faults with striations that rake between 45° and 135°. 
(b) Structural map of southwestern Hsüehshan Range depicting major thrust faults, strike-
slip faults, and axial traces of folds.  Structures digitized from the Taiwan Central 
Geologic Survey’s 1:50000 sheet maps number 18, 25, 26, and 32.  Stereonets depict 
fault-slip data collected from five structural stations along the topographic break.   
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Miocene-Pliocene sandstones and shales.  These field sites lie ~2 km west of the 
Hsüehshan belt but reside in the zone of northwest-trending topography and are therefore 
included for stress inversion.   
In total, 104 faults were identified in the field, 72 of which contained both 
reliable striations and slip-sense indicators.  Slip-sense was inferred based on a variety of 
indicators that included offset features such as tension cracks, bedding, and ripple marks, 
as well as quartz slickenfibers, Riedel shears, tool marks, and drag folds.  The quality of 
slip-sense indicators was assessed in outcrop and confidently determined for all striated 
faults.  Of the 72 faults with full geometric criteria, 6 are normal faults and are separately 
grouped for stress inversion.   
Relative Timing Constraints and Characteristics of Faulting 
Heterogeneous fault populations are produced by continuous and 
discontinuous changes in stress within the crust.  The separation of seemingly random 
fault arrays into homogenous subsystems is facilitated by assembling faults into 
genetically related groups (Sperner and Zweigel, 2010).  However, relying solely on 
geometric and kinematic consistency to separate faults is an unreasonable approach 
(Liesa and Lisle, 2004; Sperner and Zweigel, 2010).  For this reason, qualitative geologic 
observations are indispensible when attempting to isolate multiple phases of deformation 
(Angelier, 1979; Angelier, 1984).  Field observations are particularly useful when 
analyzing large or highly heterogeneous data sets that are suspected to contain polyphase 
fault populations related to distinct tectonic events. 
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Faults along the topographic break are highly variable in both geometry 
and kinematics.  As a result, the faults were assembled into homogenous groups based on 
cross-cutting relationships and the nature of fault-zone material.  On the basis of these 
field criteria, three phases of faulting were observed across the topographic break.  The 
oldest fault set identified in the field consisted of 22 faults with surfaces laminated by 
quartz slickenfibers.  These faults formed preferentially on bedding-parallel contacts 
between sandstone and shale or slate horizons; effectively localizing deformation along 
the strongest competency contrasts.  In addition, slickenfibers trend approximately down-
dip on bedding contacts and give a thrust sense-of-slip, which is consistent with flexural-
slip folding. 
A smaller subset of faults cross-cuts the bedding-parallel faults.  These 
faults also contained fault-zone material composed of quartz slickenfibers but are 
oriented at high angles to bedding and are primarily strike-slip faults.  Only 14 of these 
faults were observed with definitive slip-sense indicators.  Faults that occurred in slaty 
units postdate the development of a pressure solution cleavage and are likely related to 
the strike-slip faults previously described at the core of the Hsüehshan Range (Fisher et 
al., 2002).  Hereafter, all faults with fault-zone materials associated with pressure solution 
processes will be referred to as early-stage faults. 
The final phase of faulting, i.e. late-stage faults, are composed of a 
population of 30 faults. Cross-cutting relationships indicate that late-stage faults 
consistently cut early-stage faults.  They also have characteristic geometric, kinematic, 
and material properties.  These faults were differentiated from early-stage faults not only 
by their cross-cutting relationships but also by the composition of fault-zone material 
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which consisted of uncohesive breccia and gouge.  Late-stage fault zones were 
commonly stained with orange iron precipitates, presumably due to the enhanced 
mobility of fluids through the fractured rocks, significantly aiding our ability to locate 
major fault zones.  Although these faults have a wide variety of orientations, many are 
high-angle reverse faults dipping steeply towards the northeast.  The largest concentration 
of these faults occurred at field sites located on the Peikang River 
Many of the late-stage faults have thick brecciated fault zones.  One of the 
best examples is located on a tributary of the Peikang River and contains a 4-meter-wide 
breccia zone although most of the deformation appeared concentrated within a 50-cm-
wide gouge zone adjacent to the hangingwall block (Fig. 1.5b).  At a minimum, this fault 
accommodated tens of meters of displacement using Marrett and Allmendinger’s (1990) 
rough linear relation between gouge thickness and the magnitude of fault-slip.  In 
addition, this fault strikes roughly 280° and dips 70° towards the NNE.  Riedel shears 
indicate a reverse sense-of-slip and cleavage within a slaty layer in the hangingwall block 
was dragged in an orientation consistent with reverse motion.  This fault is located on the 
mapped contact between the older Tungmou Member and middle Lileng Member of the 
Paileng Formation.  The fault strikes roughly perpendicular to the mapped Meiyuan fault 
which forms the northeast-trending contact between the Tungmou and Lileng Members. 
Inversion of Fault-Slip Data 
The primary aim of paleostress inversion is to determine the orientations 
and relative magnitudes of the maximum (σ1), intermediate (σ2), and minimum (σ3) 
principal stresses or ‘paleostress axes’.  These three orthogonal principal stresses form 
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Figure 1.5. (a) Photograph of minor late-stage faults in footwall of meter-scale shear zone 
on Peikang River.  Offset ripple marks yield a top-to-the-southwest sense of shear. (b) 
Nearby major, late-stage, high-angle reverse fault on tributary of Peikang River.  Equal-
area, lower-hemisphere stereographic projection of fault-slip data shows movement of the 
hangingwall, indicating southwest transport. Inset shows drag-folded cleavage used in 
conjunction with Riedel shears to determine the sense-of-slip. 
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the axes of the stress ellipsoid and represent the eigenvalues of some best-fit stress tensor 
that activated a fault population. Depending on the stress inversion method used, the 
exact nature of the principal axes and whether they represent stress or strain is debatable 
(Sperner and Zweigel, 2010).  However, these discussions are beyond the scope of this 
paper, and we refer the reader to a comprehensive review of stress inversion techniques 
by Angelier (1994).  Here we briefly discuss the three stress inversion methods chosen to 
analyze fault-slip data in this study. 
P-B-T Axes Method and the Right Dihedra Method 
In the strictest sense, the P-B-T axes method and the right dihedra method 
are not considered stress inversion procedures because they make no attempt to quantify 
the stress ratio Φ=(σ2-σ3)/(σ1-σ3) which describes the stress state during faulting.  In fact, 
plane strain deformation is an inherent assumption for the P-B-T-axes method (i.e. no slip 
occurs parallel to the B-axis) (Marrett et al., 1990).  Rather, these are kinematic 
approaches which plot the orientations of the incremental principal shortening and 
extension directions of individual faults.  The average P and T axes can then be 
calculated using a Bingham ‘unweighted’ moment tensor summation which is graphically 
analogous to contouring P and T axes (Allmendinger, 2001).  The calculated fault plane 
solution represents the average kinematic axes.   
The right dihedra method (Angelier and Mechler, 1977) provides a quick 
graphical technique to visualize the compressional and extensional quadrants.  This is 
accomplished by plotting shaded P and T quadrants repeatedly on top of one another for 
individual faults.  The areas of greatest overlap presumably correspond to the areas where  
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σ1 and σ3 plot.  This technique is graphically analogous to the P-B-T axes method but 
does a better job of depicting the shape of the strain field in stereographic projection.  
Once again, the stress ratio Φ is not constrained and is implicitly allowed to vary from 0 
to 1 for each fault (Angelier, 1979; Angelier, 1984).  At a minimum, these two inversion 
methods can approximate the orientations of the paleostress axes. 
The Gauss Paleostress Method 
Expanding on earlier direct inversion and grid-search stress inversion 
techniques which quantify the stress ratio Φ, the functions embedded in the Gauss 
method allow the user to analyze the distribution of angular misfits α from some best-fit 
stress tensor and separate polyphase fault populations by manipulating several user-
defined parameters (s, Δ,  φ1, φ2, k)
1.  In addition, as part of a compatibility measure, the 
Gauss method considers the mechanical stability of solutions by plotting the position of 
the “Mohr Point” for each fault on a Mohr diagram.  This process helps constrain the 
best-ft stress tensor to mechanically realistic solutions that plot Mohr points between φ1 
and φ2.  Thus, for every fault, the optimal stress tensor resolves acceptable normal to 
shear stress ratios consistent with the principles of Mohr-Coulomb failure.  For a detailed 
discussion on the Gauss method, see Zalohar and Vrabec (2007). 
The strength of the Gauss method lies in its ability to isolate homogenous 
subsystems within a population of heterogonous fault-slip data.  Provided the angular 
                                                          
1 α= angular misfit between the predicted and actual direction of slip, s= standard 
deviation of angular misfits, Δ= threshold value of compatibility, φ1= angle of internal 
friction, φ2= angle of friction for sliding on a preexisting fault, k= stress parameter that 
weights the importance of friction (Zalohar and Vrabec, 2007). 
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differences between the principal stresses are ≥ 25°, the Gauss method can accurately 
separate stress tensors even when deviations in the angular misfit α are moderately large 
(e.g.  ≤ 60°).  However, inhomogeneity in the stress field during faulting coupled with 
unevenly sized subpopulations can produce errors in the computation of the stress tensor 
(Zalohar and Vrabec, 2007).  In order to eliminate the potential for hybrid solutions, 
fault-slip data were grouped into the previously described early- and late-stage 
subsystems.  Even within these smaller subsets, variability in the attitude of fault planes 
helps constrain the stress ratio Φ associated with the best-fit stress tensor.   We chose the 
Gauss method over other classical stress inversion techniques to identify any misfit faults 
within each homogeneous subsystem and to constrain the best-fit stress tensor to 
mechanically acceptable solutions. 
Paleostress Results Summary 
For each structural station, the results of the P-B-T axes method and the 
right dihedra method are presented in Figure 1.6.  Fault populations grouped by early- 
and late-stage subsystems are analyzed in Figure 1.7.  All fault-slip data recorded in this 
study are provided in the Appendix in Table 1.1.  Eigenvalues and eigenvectors 
calculated using the P-B-T axes method and the Gauss paleostress method are also 
available in the Appendix in Table 1.2.   
Structural Stations 
1. Daan River.  Two faults with full geometric criteria were located.  Both faults are 
oblique-slip backthrusts that strike approximately SSE, consistent with the strike of 
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mapped stratigraphic units.  The calculated kinematic axes yield a compression direction 
of approximately NE-SW. 
2. DaHsüehshan Forest Rd.  Sixteen thrust faults, which belong to both early- and late-
stage populations, were located.  The calculated kinematic axes yield a maximum 
compression direction of approximately WNW-ESE. 
3. Tachia River.  A mixture of 21 oblique-slip reverse faults and strike-slip faults were 
located.  The intermediate principal strain axis plunges moderately towards the NNE 
because of the interplay between thrust and strike-slip faults.  The calculated kinematic 
axes yield a maximum compression direction of approximately WNW-ESE.  
4. Peikang River.  Twenty-three predominantly late-stage, high-angle reverse faults were 
located.  The calculated kinematic axes yield a maximum compression direction of 
approximately NNE-SSW. 
5. Mei River.  Four faults with full geometric criteria were located.  The calculated 
kinematic axes yield a maximum compression direction of approximately NW-SE. 
Early- and Late-stage Subsystems 
Early-stage Subsystem.  The early-stage fault population consists of 36 faults. The 
maximum compression direction calculated using the P-B-T axes method trends ~302°.  
The right dihedra method also indicates NW-SE compression.  Gaussian stress inversion 
results were almost identical with a σ1 of 315°.  The standard deviation of angular misfits 
for the best-fit stress tensor is 24°.  In total, 6 faults were incompatible with the best-fit 
stress tensor and were reprocessed. 
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Late-stage Subsystem.  The late-stage fault population consists of 30 faults.  The 
maximum compression direction calculated using the P-B-T axes method trends ~221°.  
The maximum compression direction calculated using the right dihedra method lies in a 
more ENE-WSW direction.  Gaussian stress inversion yields a σ1 of 252°, consistent 
with the right dihedra method.  The standard deviation of angular misfits for the best-fit 
stress tensor is 28°.  In total, 5 faults were incompatible with the best-fit stress tensor and 
were reprocessed. 
Early-stage Misfits.  For the early-stage subsystem, 6 faults were reprocessed and a 
second best-fit stress tensor was calculated.  Stress inversion results yields a σ1 of 244°.  
The standard deviation of angular misfits for the best-fit stress tensor is 34°.  Based on 
kinematic consistency, we suggest that these faults were misidentified in the field and 
belong to the late-stage subsystem. 
Late-stage Misfits.  For the late-stage subsystem, 5 faults were reprocessed and a second 
best-fit stress tensor was calculated.  Stress inversion results yields a σ1 of 333°.  The 
standard deviation of angular misfits for the best-fit stress tensor is 11°.  Of the 5 faults 
inverted, one fault was incompatible and omitted.  Based on kinematic consistency, we 
suggest that these faults were misidentified in the field and belong to the early-stage 
subsystem. 
Normal Faults 
Six normal were analyzed using the previously defined inversion 
parameters.  The σ3 orientation is 202°, consistent with the orientation of 5 tension cracks 
measured in the field area (Fig. 7d and Fig. 7e).  
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Figure 1.6.  Kinematic axes calculated for structural stations along the topographic break.  
Results from the P-B-T axes method using windows program FaultkinWin v. 1.2 
(Allmendinger, 2001) are plotted on equal-area lower-hemisphere stereonets, θ=45° 
(τmax).  Results from the right dihedra method using windows program T-TECTO 3.0 
(Zalohar, 2009) are plotted on equal-angle lower-hemisphere stereonets, θ=60° 
(maximum σn/τ).  Eigenvectors calculated with P-B-T axes method are available in the 
Appendix in Table 1.2.  σn = normal stress, τ  = shear stress, θ = acute angle between σn 
and σ1. 
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Regional Structural Data 
In contrast to the sub-horizontal fold axes at the core of the Hsüehshan 
Range (Tillman and Byrne, 1995), fold axes along the length of the topographic break 
plunge toward the SW, indicating some faults along the topographic break may be rotated 
from their original orientations.  154 bedding measurements spanning the length of the 
mountain front are plotted in Figure 7b.  The plunge of folds was relatively continuous 
along the ~40 km length of the topographic break suggesting the rotation is a regional-
scale phenomenon.  In conjunction with bedding orientation data, cleavage (S1) 
orientations were taken.  On average, cleavage dips steeply towards the SE at 76° (Fig. 
7c), consistent with data collected along the Central Cross-Island Highway at the core of 
the Hsüehshan Range (Tillman and Byrne, 1995).   
Timing of Regional Tilting 
 Rotational effects on paleostress results were evaluated by rotating the 
regional plunge of fold axes (Fig. 7b) to horizontal as observed towards the core of the 
Hsüehshan Range.  To accomplish this, faults were rotated 26° clockwise viewed towards 
the northwest, and a new best-fit stress tensor was calculated using the Gauss method.  
For the early-stage population, the σ1 direction changed by only 2° and 6 misfit faults 
were identified, 4 of which were the same as those identified using the original unrotated 
data.  In addition, the misfit faults yield an ENE-WSW maximum compression direction 
(244°) analogous to previous results.  Removing the axial plunge from early-stage 
bedding-parallel faults rotated their slip vectors into dip-slip orientations consistent with 
flexural slip during limb tightening.  At a minimum, bedding-parallel faults within the 
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early-stage fault population were affected by regional tilting.  In any case, rotational 
effects did not alter the early-stage stress inversion results presented in Figure 7a. 
 Late-stage faults were also untilted although most of the NNE-dipping 
reverse faults were rotated into vertical orientations.  The rotated slip vectors plot towards 
the center of the stereonet in dip-slip orientations on subvertical fault planes.  Based on 
the unreasonable fault plane attitudes and kinematics, we suggest that late-stage faults 
have not been regionally tilted.  Cleavage measurements (Fig. 7c) were also untilted; 
however, rotational effects did not alter their mean orientation.  In addition, tension 
cracks and normal faults were untilted.  Tension cracks became subvertically oriented 
and the maximum extension direction for normal faults changed by only 10°.  Moreover, 
the extension direction inferred from the untilted tension cracks and normal faults is 
consistent with one another.  On the basis of these geometric arguments, we speculate 
that the tilting of the southwest Hsüehshan Range occurred coevally with the formation
of the late-stage fault population, thereby rotating all of the older structures along the
topographic break. 
SPATIAL VARIATION IN ROCK UPLIFT RATES FROM STREAM PROFILE 
ANALYSIS 
Gross hillslope morphology dramatically changes along the northeastern 
periphery of the Puli basin where the southwest flank of the Hsüehshan Range rises to    
> 2500 m within a distance of 10 km.  The increase in elevation is accompanied by an 
increase in hillslope values which average 28° to the west of the 1000 m contour 
compared to 32° - 36° within the Hsüehshan Range (Chen et al., 2005).  In tectonically 
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active settings, steep slopes generally accompany high rock uplift rates.  However, it is 
not possible to parameterize regional topographic gradients in a way that yields 
meaningful information on the rate of vertical uplift (Wobus et al., 2006).  Instead, we 
must look to bedrock incised fluvial networks, which remain in constant connection with 
tectonic disturbances, to understand spatial variability in rock uplift.  In regions of 
steady-state mountain building, where it has been demonstrated that erosion is balanced 
by uplift, fluvial incision rates should on average approximate the rate of rock uplift.  
Following this assumption, longitudinal stream profiles extracted from digital 
topographic data can provide information about transient and long-term tectonically 
driven uplift.  These analytical techniques are particularly relevant to our field area where 
three bedrock rivers, the Tachia, Peikang, and Mei Rivers, cut through the northwest-
trending topographic break at a nearly perpendicular angle.  
Theoretical Background 
In bedrock incised rivers, empirical studies have demonstrated a scaling 
between local stream gradient and contributing drainage area (A ≥ Acr) (Duvall et al., 
2004; Wobus et al., 2006) which can be written as the power-law function: 
𝑆 = 𝑘𝑠𝐴−𝜃  (1) 
where S = local channel slope, A = contributing drainage area, and ks (intercept) and θ 
(slope) are the steepness and concavity indices, respectively (Wobus et al., 2006).  For 
steady-state river profiles, a strong correlation between channel steepness ks and rock 
uplift rate U is predicted provided that lithology and climate remain uniform.  The 
42 
 
 
 
relationship between rock uplift rate and channel steepness can be described by the 
following equation: 
𝑘𝑠 = �𝑈𝐾�1𝑛  (2) 
where K = an erodibility coefficient, and n ≈ 1 for detachment-limited streams (Wobus et 
al., 2006).  However, the parameterization between steepness indices and rock uplift rates 
is hindered by additional complexities.  For example, studies have demonstrated a 
proportional relationship between the erodibility coefficient K and uplift rate U due to the 
effect channel narrowing has on boundary shear stress conditions (Duvall et al., 2004).  
Recent observations from the Peikang River lend support to this hypothesis, suggesting 
that a threshold width-to-depth ratio needs to be exceeded before channel steepening can 
occur (Yanites et al., 2010).  Thus, variability in the erodibility coefficient and other 
nonlinearities in incisional processes need to be addressed before uplift rates can be 
directly calculated from channel steepness indices (Wobus et al., 2006).  However, these 
shortfalls can be overcome by independent measurements and do not impact the viability 
of steepness indices in identifying zones of differential rock uplift rates. 
 To further facilitate the comparison of steepness indices between drainage 
basins, a reference concavity θref is held as a fixed parameter in order to overcome the 
inherent correlation between ks and θ as defined in Equation 1.  This reference concavity 
is selected by calculating a regional mean concavity via log S-log A regressions of 
undisturbed stream profiles (Duvall et al., 2004).  The bounds of the regression should be 
fixed between a critical drainage area Acr (e.g.  ≥ 10
6 m2) and a maximum drainage area 
Amax which typically coincides with a break in scaling at the alluvial transition (e.g. 
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Peikang River ≤ 109 m2).  Provided that rock strength and joint spacing are approximately 
uniform, the newly calculated ‘normalized’ steepness indices ksn can be used to identify 
relative changes in rock uplift rates across catchments of varying drainage area.  For a 
more detailed discussion on how digital topographic data can be used to extract tectonic 
information, see Wobus et al. (2006). 
Methods 
Normalized steepness indices were mapped using a MATLAB script and 
Arcmap interface developed by Whipple et al. (2007).  Topographic data were obtained 
from a 40 m digital elevation model (DEM) derived from aerial photographs.  Stream 
profiles were extracted and smoothed over a 250 m moving window and channel slopes 
calculated from standard 12 m sampling intervals.  A batch profiler script was then used 
to calculate normalized steepness indices for all streams with drainage areas ≥ 10 km2 
within a 0.5 km moving window.  θref was set to 0.5 based on log-transformed slope-area 
regressions of the Tachia (θ = 0.42 ± 0.055), Peikang (θ = 0.57 ± 0.035), and Mei (θ = 
0.56 ± 0.036) Rivers where Acr and Amax, which bounded the regressions, were 10
6 m2 
and 109 m2, respectively. 
Normalized steepness indices calculated using the batch profiler script 
were then imported into Arcmap and converted into point data.  Reservoirs were 
identified using satellite imagery and ksn indices from these channel segments removed.  
A kriging surface was generated from point data and color classes were binned based on 
Jenks natural breaks optimization.  Distinct color breaks were used to delineate zones of 
low, transitional, and high steepness.  The low steepness zone is delineated by ksn indices 
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between 0-153, the transitional steepness zone by ksn indices between 154-248, and the 
high steepness zone by ksn indices ≥ 249.  Downstream of the topographic break, trunk 
river channel widths increase considerably, and the channels become choked with flood-
derived sediment.  Therefore, steepness values associated with the trunk rivers were 
disregarded downstream of their respective alluvial transitions. 
Normalized Steepness Indices Results 
In order to calibrate the significance of ksn values  mapped using the batch 
profiler script, regional channel steepness was calculated for the Tachia, Peikang, and 
Mei Rivers.  Setting θref to 0.5, we find a mean regional ksn value of ~239 for the three 
trunk rivers.  However, this value reflects bedrock incised and alluviated channel 
segments (e.g. Puli basin) and at best loosely approximates average channel steepness.  In 
addition, upstream of the Shuilikeng fault numerous reservoirs on the Tachia River have 
created anomalously high channel slopes, thereby upwardly skewing the mean ksn value.  
Despite these uncertainties, the mean ksn falls within the transitional steepness zone 
suggesting that the low, transitional, and high steepness zones accurately depict relatively 
high and relatively low ksn values and consequently uplift rates. 
On average, streams that cut through the Pliocene Cholan Formation and 
younger conglomerates and alluvium in the western foothills have the lowest ksn values 
(Fig. 1.8).  However, these rocks are substantially weaker than the Eocene-Miocene 
metasedimentary rocks upstream.  Therefore, we must restrict our interpretation of ksn 
values to those mapped east of the Shuangtung-Hsiaomao fault.  In general, ksn values do 
not spatially correlate with structures mapped to the east of the Shuilikeng fault.  This is  
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illustrated by the transitional steepness zone which forms an angular recess curving 
around the Puli basin, mirroring the map pattern of 1-km resolution hillslope values.  ksn 
values increase by up to one order of magnitude across this northwest-trending transition 
zone which is parallel to the topographic break.  For instance, upstream of the Meiyuan 
fault steepness indices abruptly climb to > 750.  This pattern of ksn values is indicative of 
an increase in rock uplift rates, rock strength, or both on the east side of the topographic 
break that is not accommodated by the previously mapped structures.   
Influence of Lithology on Steepness Values 
Schmidt hammer rebound and joint spacing measurements collected along 
the Peikang River indicate that rock strength is highly variable at an outcrop scale 
(Yanites et al., 2010).  In spite of this localized variability, over larger distances there is 
no statistically significant change in rock strength within Eocene-Miocene strata.  This 
does not preclude outcrop-scale fluctuations in rock strength from generating variable ksn 
values as seen within the high steepness zone.  Equally so, this variability may be caused 
by valley floors approaching the resolution of DEM pixels (40 m) in narrow channel 
segments (Yanites et al., 2010) or by propagating knick points and transient landslide 
dams.  Previous studies have shown a modest correlation between compressive rock 
strength and average hillslope values island wide (r2 = 0.31), suggesting that to some 
degree bedrock properties modulate topography in Taiwan (Dadson et al., 2003).  
However, the transitional steepness zone trends obliquely to the locally mapped lithologic 
units and structures that include the Meiyuan and Tili faults, further discounting any 
impact these boundaries may have on regional ksn values. 
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Integration with Precise Leveling Data 
Recently published geodetic leveling data supports our interpretation that 
steepness values reflect changes in rock uplift rates and not other variables.  The Taiwan 
vertical datum established in 2001 (TWVD2001) is a network of 1843 bedrock anchored 
benchmarks with average spacing of ~2 km.  From 2000 to 2008 four leveling campaigns 
were conducted to measure island-wide vertical displacement rates (Chen et al., 2011b; 
Ching et al., 2011).  The mean error for island-wide data is ± 1.64 mm/yr and the 
standard deviations are ± 0.41 mm/yr and ± 2.47 mm/yr (Chen et al., 2011b), making this 
dataset the highest precision vertical displacement-rate field currently available for 
Taiwan. 
An east-west profile of rock uplift rates across the low, transitional, and 
high steepness zones was constructed from 14 leveling benchmarks (Fig. 1.9).  The 
leveling line begins in the Puli basin, follows the Mei River upstream, and eventually 
crosses the Lishan fault.  Five benchmarks are located in the Puli basin in the low 
steepness zone, five in the transitional and high steepness zones, and four are located to 
the east of the Lishan fault in the Western Backbone Range.  Uplift rates increase from 
5.15 ± 1.55 mm/yr in the Puli basin to 15.9 ± 1.88 mm/yr west of the Lishan fault, a 
difference of 10.75 mm/yr within a distance of ~11 km.  The increase in uplift rate 
coincides with the increase in ksn values, demonstrating that the transitional steepness 
zone forms the boundary between low and high uplift rate domains.   
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Figure 1.9.  Mei River leveling data projected onto east-west profile plane (coordinate 
reference system TWD67).  Uplift rate (mm/yr) vs. easting (meters) across low, 
transitional, and high steepness zones.  Error bars are the 2-σ confidence range.  Second-
order polynomial fitted as trendline. 
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DISCUSSION  
Regional NW-SE Compression  
Depending on the stress inversion method used, our results indicate that σ1 
for the early-stage faults is between 302° - 315° or roughly NW-SE.  This maximum 
compression direction is characteristic of contractional faults in Taiwan, is subparallel to 
the current relative plate convergence vector (~306°), and is consistent with σ1 
trajectories calculated from the Taiwan GPS network (1990-1995) (e.g. Chang et al., 
2003).  In addition, the early-stage faults are kinematically consistent with the main 
stages of folding and faulting as indicated by the NNE trend of the axial traces of folds 
and the traces of faults in the field area.  Cross-cutting relationships also indicate that the 
relative chronology of early-stage bedding-parallel and strike-slip faults is consistent with 
the previously discussed early structural evolution of the Hsüehshan Range (e.g. Fisher et 
al., 2002).  
The nature of fault-zone material can also be used to constrain the mode of 
slip within the two homogenous subpopulations.  The correlation between early-stage 
faults and quartz slickenfibers suggests stable sliding (i.e. aseismic creep) occurred in 
small increments at low strain rates (Wise et al., 1984).  Moreover, the undamaged nature 
of the quartz fibers suggests that the faults haven’t accommodated slip at least in the 
upper 5 km of the crust.  Rather, we suggest that these faults have been passively uplifted 
as further evidenced by the inconsistency between the early-stage σ1 orientation and 
earthquake focal mechanisms along the mountain front (e.g. Wu and Rau, 1998).  
Furthermore, the contemporary spatial uplift patterns (Fig. 1.8) do not correlate with the 
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orientation of regionally mapped structures associated with the early-stage bedding- 
parallel and strike-slip faults.  Based on these observations, we propose that the early-
stage faults are related to northwest-vergent folding and faulting of Eocene-Oligocene 
stata in the Hsüehshan Range (e.g. Clark et al., 1993; Tillman and Byrne, 1995; Fisher et 
al., 2002) and are not associated with the present-day uplift pattern north of the Puli 
basin. 
Local ENE-WSW Compression  
While the early-stage faults are kinematically consistent with the far-field 
tectonic stress as well as the locally mapped faults and the axial traces of folds, σ1 for the 
late-stage faults lies approximately 60° from the ‘normal’ maximum compression 
direction.  The σ1 orientation for late-stage faults is 252°, approximately normal to the 
345°-trending topographic break.  We propose that this kinematic uniformity indicates 
that the development of local topographic relief was accommodated by the late-stage 
fault population.  We further suggest that the transitional steepness zone highlights a high 
density area of late-stage faults that are accommodating differential rock uplift rates on 
either side of the topographic break.   
The late-stage faults maximum compression direction is also reflected by a 
number of mid-crustal earthquakes (~18 km depth) located just to the north of the Puli 
basin (Wu and Rau, 1998).  The nature of fault-zone material also tentatively links the 
late-stage fault population with local seismicity.  Stick-slip displacements generate 
noncohesive breccia and gouge in ‘dry’ fault rocks and cohesive cataclasite in 
mineralized or ‘wet’ fault rocks.  These fault-zone materials are produced by 
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microfracturing across and within grains (i.e. cataclasis) at high strain-rates (Wise et al., 
1984).  We suggest that these fault-zone materials developed during recent and relatively 
shallow fault-slip.  The nature of fault-zone material, timing relationship, and kinematic 
consistency with local seismicity provide some evidence that the late-stage faults are 
currently active. 
Spatiotemporal Evolution of Rock Uplift Rates 
 A number of studies provide additional constraints on the spatial and 
temporal evolution of rock uplift rates in the field area (e.g. Dadson et al., 2003; Chen et 
al., 2005; Yanites et al., 2010; Ching et al., 2011).  A recent study quantified late 
Quaternary to Holocene bedrock incision rates along the Peikang River by dating strath 
terrace deposits using optically stimulated luminescence (OSL) and also by applying a 
calibrated river incision model (Yanites et al., 2010).  Incision rates calculated from OSL 
samples in the footwall of the Meiyuan fault (Fig. 1.4 & 1.8) are relatively low (~2 - 3 
mm/yr) compared to the ~9 – 13.5 mm/yr in the hangingwall which was estimated using 
a calibrated incision model.  This incisional pattern is consistent with the abrupt drop in 
ksn values noted across this particular stream segment.  However, several kilometers 
downstream, the incision rate reaches a maximum of ~6 - 10 mm/yr in the hangingwall of 
the Shuilikeng fault, suggesting the fault has been active over the last 3 – 10 ka.  Further 
west, just upstream of the Shuangtung-Hsiaomao fault, laterized soils and OSL samples 
show that incision rates are between ~2 – 4 mm/yr.  In short, if the Peikang River has 
approximated steady-state form over the Holocene, the data signify a downstream 
increase in rock uplift rate beginning west of the Meiyuan fault reaching a maximum at 
the Shuilikeng fault and quickly dropping off. 
53 
 
 
 
In contrast, present-day geodetic measurements indicate a downstream 
decrease in rock uplift rate.  Furthermore, several leveling benchmarks in the footwall 
and hangingwall of the Shuilikeng fault show that differences in uplift rates are negligible 
across the mapped contact and continue to hover near ~2 mm/yr greater than 3 km to the 
east (data from Ching et al., 2011).  There are no leveling benchmarks to help constrain 
uplift rates across the Meiyuan fault, but a single GPS station HUYS (location indicated 
by green triangle in Fig. 1.8) 1 km to the east records a vertical velocity of 9.5 mm/yr 
(data from the Taiwan Central Weather Bureau).  We interpret this increase in (relative) 
uplift as being partially accommodated by the late-stage, ESE-striking high-angle reverse 
fault depicted in Figure 1.5b (location indicated by yellow star in Fig. 1.8), rather than by 
the mapped NNE-striking Meiyuan fault.  The northwest-trending late-stage fault zone 
seems to be important considering the Peikang River widens to > 300 m and bed shear 
stress and unit stream power drastically decrease within 1 km downstream (Yanites et al., 
2010).   
In light of these data, if incision rates over the Holocene approximated 
steady state, present-day geodetic rates along the Peikang River are exceedingly low.  
The magnitude of this disproportion may have been amplified by errors inherent to the 
OSL dating technique.  Yanites et al. (2010) reported a 56% gap between OSL sample 
ages depending on whether a minimum or central age model was chosen.  Despite the age 
model chosen, the data show a statistically significant downstream increase in incision 
rate.  However, if we consider basin-wide leveling data to the west of the 1000 m contour 
interval and east of the Shuilikeng fault, contemporary uplift rates are close to ~6 mm/yr.  
Based on this broad consistency between geodetic uplift rates and Holcene incision rates, 
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we believe that the Peikang River has approximated steady-state over the Holocene and 
therefore, it is probable that the Shuilikeng fault has been intermittently active in central 
Taiwan during that time period.  Furthermore, all data sets broadly agree with the pattern 
of ksn values calculated in this study, further supporting their utility in identifying zones 
of differential rock uplift.  
Palynological and radiocarbon studies further elucidate the evolution of 
rock uplift rates over the time span of hundreds of thousands of years.  Well-log data 
from the Puli basin chain indicate that the basins formed at approximately 200 ka (Chen 
et al., 2005).  The slower erosion and uplift rates that accompanied the basins formation 
are a relatively short-term feature (> 200 ka) (Chen et al., 2005, p. 9); otherwise the 
metamorphic rocks that floor the basin could not have been exhumed.  We propose that 
the development of the northwest-trending topographic break coincided with the 
formation of the Puli basin during the late Quaternary.  A change in rock uplift rates 
within the past ~200 ka is a reasonable estimate considering the topographic relief 
relative to the Puli basin (~1000s m) and the present-day differential uplift rate along the 
Mei River leveling line (~11 mm/yr), which over 200 ka could generate > 2000 m of 
topographic relief.  Although difficult to quantify, the available data indicate that the 
contemporary, Holocene, and late Quaternary rock uplift rate in the Puli basin area has 
been subdued relative to the physiographic Hsüehshan Range at least since 200 ka and 
probably longer. 
 
 
55 
 
 
 
Tectonic Implications 
In this section, we discuss the partial-subduction of the continental margin 
promontory during the late Quaternary and its role in altering vertical displacement rates 
in central Taiwan.   
Stress Trajectories around the Continental Margin Promontory 
Stress trajectories around the continental margin promontory are depicted 
in Figure 1.10a.  The trajectories are modified from a finite-element model that treats the 
Peikang high as a rigid indenter and in which elasto-plastic behavior of the deformed 
material is assumed (Jeng et al., 1996).  The stress field was repositioned toward the 
northeast so that its northern and eastern margin fall in line with the Sanyi-Puli seismic 
zone, the heel-shaped seismogenic boundary (Lin, 2001), and the continental margin 
magnetic anomaly (Byrne et al., 2011).  The modeled σ1 trajectories exhibit a fan-shaped 
pattern and converge toward the promontory.  In addition, the σ1 trajectories are slightly 
oblique to the orthogonal to the Sanyi-Puli seismic zone and in good agreement with the 
σ1 orientation associated with the late-stage fault population.  Furthermore, the 
topographic break coincides with the modeled σhmin which lies 20° clockwise from the 
325°-trending Sanyi-Puli seismic zone.  Although the application of this model may not 
be ideal, the results are consistent with other numerical simulations of stress perturbations 
near pre-existing fracture zones (e.g. Homberg et al., 1997); which, when applied in the 
context of our study, also indicate that σ1 would be reoriented toward ramp-
perpendicular.  It follows that the late-stage faults reflect the local stress field that is 
being altered by the underthrusting basement promontory and fracture zone.  
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A Two-stage Collision in Central Taiwan 
Thermokinematic modeling has shown that 50 – 90% of the material 
influx into the orogenic wedge is accommodated through underplating rather than frontal 
accretion (Fuller et al., 2006; Simoes et al., 2007).  Simoes et al. (2007) proposed that 
separate underplating windows beneath the Tananao Metamorphic Complex and 
Hsüehshan Range provide the best fit to the island-wide spatial distribution and cooling 
ages determined from a variety of thermochronometers.  In the Hsüehshan Range, 
underplating may have begun as early as 4 Ma and from 1.5 Ma to present became the 
dominant mechanism uplifting topography (Simoes et al., 2007).  The underplating 
window beneath the Hsüehshan Range is estimated to be between ~10 km and ~18 km in 
depth and approximately 15 km in width (Simoes et al., 2007).  However, the most recent 
thermokinematic models do not account for the diachronous along-strike exhumation of 
rocks in the Hsüehshan Range.  We suggest that the architecture of the Eurasian 
continental margin exerted a first-order control on the exhumation of these rocks.  The 
subduction of transitional crust (Byrne et al., 2011) that varied laterally in thickness may 
have segmented and slowed the southward propagation of the underplating window 
beneath the Hsüehshan Range within the past 2-3 Ma.  We further suggest that during the 
most recent ~0.5 Ma, relatively strong and bouyant continental crust of normal thickness 
(> 30 km) has been partially subducted beneath central Taiwan and is now involved in 
crustal shortening within the orogenic wedge. 
The tectonic scenario presented in Figure 1.10 builds upon a related paper 
by Byrne et al. (2011).  In the context of this model, the development of topographic 
curvature reflected by the 1000 m contour is relatively young when compared to the  
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Figure 1.10.   
(a)  Modeled σ1 trajectories around the Peikang basement high relocated to the inferred 
position of the continental margin promontory (modified after Mouthereau and Lacombe, 
2006).  Note the 20° obliquity between the Sanyi-Puli seismic zone and minimum 
horizontal compressive stress (σhmin) which coincides with the topographic break.  Colors 
correspond to RSCM peak metamorphic temperatures.  Temperatures decrease across the 
continental margin fracture zone to < 330° C (see text) (Beyssac et al., 2007).  
(b)  Sketch depicting progressive subduction of transitional crust.  Timing of thrust faults 
constrained by the deformation of Pleistocene strata in the foreland basin sequence (Lee 
et al., 1996).  Light blue underplated region highlights southward progressing exhumation 
of the Hsüehshan belt (Beyssac et al., 2007; Simoes et al., 2007).  
(c) Early development of progressive arc due to along-strike variation in basin thickness 
(Lacombe et al., 2003); basement promontory not yet subducted beneath orogenic wedge.  
(d) In-sequence propagation of the western fold-and-thrust belt with advancement of 
thrust front impeded by shallow basin above Peikang basement high.  Continental margin 
promontory appreciably subducts beneath orogenic wedge and Sanyi-Puli seismic zone 
reactivates.  Promontory begins collision with duplex structures underplating the 
Hsüehshan Range, curtailing vertical exhumation rates.  First late-stage faults form and 
cut earlier structures.  
(e)  Underplating has slowed to the west of the 1000 m contour in central Taiwan.  
Because of the slower uplift rate, mass wasting has lowered hillslope angles in the Puli 
basin area over the past ~0.5 Ma and the rocks flooring the Puli basin chain are slightly 
less exhumed compared to the Chiayang Formation and Tachien Sandstone that crop out 
immediately north of the fracture zone in the physiographic Hsüehshan Range (see text).  
Uplift of the physiographic Hsüehshan Range continued over this time period, leading to 
the formation of the transverse topographic break and related late-stage faults. 
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curvature observed in the foreland fold-and-thrust belt.  As previously discussed, the 
formation of the Puli basin chain at 200 ka is the first definitive indicator that uplift rates 
were subdued in central Taiwan.  However, it is probable that uplift rates were relatively 
low for a substantial period of time before the formation of the basins.  The lower peak 
metamorphic temperatures attained by rocks in the low elevation areas surrounding the 
Puli basin compared to the physiographic Hsüehshan Range lend further support.  The 
330° - 350° C RSCM temperature zone wraps around the continental margin promontory 
(Fig. 1.10a) (Beyssac et al., 2007), consistent with the suspected offset in illite 
crystallinity from earlier studies (Fig. 1.3) (Chen et al., 1983).  Because the rocks in the 
southern Hsüehshan Range maintain their static burial metamorphic signatures (Chen et 
al., 2011a), this suggests that the Paileng Formation that floors the Puli basin represents a 
less exhumed and structurally higher level than the Chiayang Formation and Tachien 
Sandstone that crop out on the north side of the continental margin fracture zone. 
Curvature in the lower elevations of the fold-and-thrust belt was attained 
earlier in the deformational history of the mountain belt.  As material accreted to the toe 
of the wedge, thrust faults stepped westward in sequence becoming progressively more 
arcuate due to the increasing interaction with the Peikang high basement obstacle.  This 
curvature was likely attained throughout the deformational history of the fold-and-thrust 
belt and is classified as a progressive arc (Lacombe et al., 2003).  We suggest that the 
early-stage faults formed during this period of thin-skinned northwest-vergent folding 
and faulting.  Following this interpretation, from 2 Ma until ~0.5 Ma the relatively deep 
basement rocks which compose the continental margin promontory were underthrust 
beneath the western toe of the main décollement without disrupting the frontal accretion 
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process.  If we extrapolate an underthrusting rate of ~42 mm/yr relative to the 
Longitudinal Valley fault (Simoes and Avouac, 2006), we find that the continental 
margin promontory would have begun to subduct beneath the Shuilikeng fault around 0.5 
Ma, a time-scale consistent with the degree of metamorphic offset and age of the Puli 
basin.  We theorize that the relatively strong basement promontory imaged by Qp and Qs 
seismic tomography (Wang et al., 2010), collided with the duplexes around 0.5 Ma and 
has since partially subducted to approximately ~18 km depth.  As the leading edge of the 
relatively strong and buoyant continental margin promontory underthrusted beneath the 
region of underplating, it drove the formation of the duplexes down slab, thereby slowing 
vertical uplift rates to the west of the 1000 m contour in the Hsüehshan Range. 
Uplift rates in the Hsüehshan Range remained constant over this same 
time period because the region of slowed underplating was spatially controlled by the 
geometry of the promontory.  Over the past ~0.5 Ma, the differential uplift of the 
physiographic Hsüehshan Range relative to the Puli basin was accommodated by the late-
stage faults, resulting in the formation of the transverse topographic break in an 
orientation consistent with the stress field disruption initiated by the underthrusting 
promontory and fracture zone.  A cluster of ~20-km-deep earthquakes also appears to 
wrap around the tip of the promontory being subducted beneath central Taiwan (Wu et 
al., 2009), possibly highlighting the collision of the promontory with duplexes beneath 
the Hsüehshan Range.  Furthermore, we suggest that as the promontory was involved in 
crustal shortening, the continental margin fracture zone reactivated as a left-lateral 
transfer fault which is presently illuminated by earthquakes within the Sanyi-Puli seismic 
zone.  Further evidence for this reactivation is present on the lower boundary of the 
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transitional steepness zone just south of the Tachia River.  In this location the 
Paimaoshan fault offsets the Shuilikeng fault in a left-lateral sense directly above the 
Sanyi-Puli seismic zone (Fig. 1.4 and Fig. 1.10e).  We propose that this fault represents 
the initial development of a tear fault, such as those observed in other thrust belts which 
overthrust basement fracture zones (e.g. Pine Mountain thrust, Tennessee salient, 
Appalachians). 
Following the interpretation of Chen et al. (2005), we suggest that river 
incision rates in the low uplift area west of the 1000 m contour interval were insignificant 
since 0.5 Ma, allowing mass wasting processes to progressively lower valley slope angles 
and steadily erode the high topography that once followed the Shuilikeng fault across the 
Puli area.  This process was strongly influenced by the cooler and drier glacial climate 
that produced less vegetated hillslopes over the past 200 ka (Chen et al., 2005).  During 
two glacial cycles in the late Quaternary, hillslopes were susceptible to chemical and 
physical weathering processes that favored the genesis of coarse debris, leaving the 
valley slopes unstable (Chen et al., 2005).  Lithofacies studies from the Puli basin chain 
indicate that infrequent but catastrophic rainfalls evacuated large amounts of sediment 
surrounding the Puli area via land sliding and debris flows (Chen et al., 2005).  Provided 
that fluvial incision rates slowed in tandem with the decrease in rock uplift rates, these 
processes over 0.5 Ma could adequately lower hillslope angles, forming a topographic 
recess positioned above the present-day location of the continental margin promontory. 
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CONCLUSION 
The results presented in this study support previous interpretations that 
propose the Eurasian continental margin architecture exerts a fundamental control on the 
three-dimensionality of mountain building in Taiwan.  In this study, two populations of 
faults, an early- and late-stage, were identified along the southwest flank of the 
Hsüehshan Range.  In addition, stream profile analysis in conjunction with an array of 
other data suggests that rock uplift rates have been subdued in the Puli area since 
approximately 0.5 Ma.  We propose that the early-stage, NW-SE compression faults 
formed during the initial thin-skinned structural development of the Hsüehshan Range.  
Late-stage, ENE-WSW compression faults formed as the continental margin promontory 
collided with duplexes underplating the Hsüehshan Range, altering the stress field in 
west-central Taiwan.  The decrease in uplift rates which accompanied the underthrusting 
promontory allowed mass wasting processes to steadily erode the high topography that 
occupied the Puli area, ultimately leading to the formation of the topographic recess.  
Furthermore, based on earthquakes within the Sanyi-Puli seismic zone and the formation 
of a young tear fault, we propose that the continental margin fracture zone reactivated as 
a left-lateral transfer fault since the promontory’s late-stage collision.  This tectonic 
interpretation argues that steady-state mountain building has not been temporally and 
spatially uniform throughout Taiwan’s deformational history and emphasizes the close 
link between collisional dynamics and the thickness, composition, and geometry of crust 
subducted beneath orogenic wedges. 
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ID Easting Northing Location Strike* Dip Rake** Sense***
1**** 240900 2691280 Daan River 154 29 90 N
2 240900 2691280 Daan River 145 75 70 T
3 240120 2687764 Daan River 154 48 52 T
4 239873 2687646 Daan River 101 40 105 N
5 240072 2681782 Dahsuehshan Forest Rd. 196 59 120 T
6 240072 2681782 Dahsuehshan Forest Rd. 190 56 123 T
7 240072 2681782 Dahsuehshan Forest Rd. 220 87 109 T
8 240072 2681782 Dahsuehshan Forest Rd. 316 64 83 T
9 240072 2681782 Dahsuehshan Forest Rd. 146 66 130 T
10 240072 2681782 Dahsuehshan Forest Rd. 181 70 100 T
11 240072 2681782 Dahsuehshan Forest Rd. 181 65 110 T
12 240072 2681782 Dahsuehshan Forest Rd. 45 27 40 T
13 239271 2680580 Dahsuehshan Forest Rd. 32 87 64 T
14 239271 2680580 Dahsuehshan Forest Rd. 12 37 98 T
15 239271 2680580 Dahsuehshan Forest Rd. 208 90 123 T
16 239271 2680580 Dahsuehshan Forest Rd. 55 61 50 T
17 239271 2680580 Dahsuehshan Forest Rd. 183 43 112 T
18 239271 2680580 Dahsuehshan Forest Rd. 47 57 55 T
19 239271 2680580 Dahsuehshan Forest Rd. 55 55 53 T
20 239271 2680580 Dahsuehshan Forest Rd. 54 39 56 T
21 249737 2677853 Tachia River 15 67 152 LL
22 249737 2677853 Tachia River 280 78 177 RL
23 249737 2677853 Tachia River 341 81 175 LL
24 249749 2677865 Tachia River 12 70 138 T
25 249673 2677842 Tachia River 238 70 67 T
26 243515 2673547 Tachia River 64 64 65 T
27 243515 2673547 Tachia River 353 64 115 T
28 243656 2673551 Tachia River 313 54 3 LL
29 243656 2673551 Tachia River 301 73 40 RL
30 244260 2673745 Tachia River 62 44 50 T
31 244260 2673745 Tachia River 91 33 55 T
32 246000 2674224 Tachia River 211 81 127 RL
33 246122 2673056 Tachia River 65 67 66 T
34 251230 2677096 Tachia River 65 65 27 T
35 251230 2677096 Tachia River 304 89 15 LL
36 245844 2674194 Tachia River 330 85 135 T
37 245844 2674194 Tachia River 340 75 126 T
38 245844 2674194 Tachia River 323 85 125 T
39 245844 2674194 Tachia River 244 50 5 RL
40 245844 2674194 Tachia River 156 82 60 N
41 245844 2674194 Tachia River 15 54 87 N
Table 1.1
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42 245844 2674194 Tachia River 15 54 70 N
43 245844 2674194 Tachia River 320 64 110 T
44 245844 2674194 Tachia River 320 75 130 T
45 248725 2663466 Peikeng River 278 72 20 RL
46 248725 2663466 Peikeng River 134 30 87 T
47 248735 2663609 Peikeng River 165 55 67 T
48 248735 2663609 Peikeng River 226 49 135 T
49 248735 2663609 Peikeng River 189 67 125 T
50 248735 2663609 Peikeng River 204 87 130 T
51 248911 2663512 Peikeng River 296 67 88 T
52 248911 2663512 Peikeng River 310 45 88 T
53 248911 2663512 Peikeng River 209 76 10 T
54 248911 2663512 Peikeng River 256 62 110 T
55 248911 2663512 Peikeng River 300 46 60 T
56 248911 2663512 Peikeng River 300 46 100 T
57 248911 2663512 Peikeng River 265 62 110 T
58 248526 2664039 Peikeng River 328 87 23 RL
59 248526 2664039 Peikeng River 300 85 42 T
60 248526 2664039 Peikeng River 193 51 130 T
61 248526 2664039 Peikeng River 105 35 15 T
62 248550 2663219 Peikeng River 12 85 57 T
63 248550 2663219 Peikeng River 275 77 115 T
64 248550 2663219 Peikeng River 288 66 112 T
65 248550 2663219 Peikeng River 281 41 125 T
66 248552 2663224 Peikeng River 278 48 115 T
67 248487 2663115 Peikeng River 287 28 135 T
68 252800 2654840 Mei River 324 14 76 T
69 252800 2654840 Mei River 302 41 100 T
70 252900 2654877 Mei River 350 50 42 N
71 251054 2654110 Mei River 40 9 12 T
72 251210 2654332 Mei River 215 75 128 T
* Strike measured using right hand rule convention
** Rake measured from direction of strike
*** Sense-of-slip: (N) normal, (T) thurst, (LL) left-lateral, (RL) right-lateral
**** Bold italic rows correspond to late-stage fault-slip data
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CHAPTER II.  SPATIAL VARIATION OF SLATY CLEAVAGE AND 
STRETCHING LINEATION ORIENTATION IN THE TACONIC 
ALLOCHTHON, VERMONT AND NEW YORK 
Abstract — New and previously collected structural data were compiled to produce 
detailed maps of slaty cleavage (S2) and stretching lineation (L2) orientation in the 
Taconic slate belt.  The area of study encompasses a ~360 km2 area between N43° 43’ 
and N43° 22’ along the Vermont and New York border.  In total, ~1500 measurements of 
S2 were compiled at 120 sites and 145 oriented samples were analyzed at 90 sites to 
determine the orientation of L2.  Kriging maps of the strike and dip of S2 and the rake 
and trend of L2 were constructed from these data.  The kriging maps delineate three 
structural domains previously recognized from along-strike changes in the orientation of 
the axial traces of F2 folds.  The boundaries between domains are transitional; for 
domains 1 and 2 the boundary is located at approximately N43° 34’ and for domains 2 
and 3, the boundary is located at approximately N43° 26’.  In domain 1, the mean 
orientations of S2 and L2 are 013, 31 E and 111, 29, respectively.  The mean rake of L2 
on S2 is 82° from the south.  In domain 2, the mean orientations of S2 and L2 are 354, 42 
E and 124, 36, respectively.  The mean rake of L2 on S2 is 50° from the south.  In domain 
3, the mean orientations of S2 and L2 are 013, 32 E and 111, 35, respectively.  The mean 
rake of L2 on S2 is 82° from the south.  The kriging maps show a correlation between the 
strike of S2, dip of S2, and rake and trend of L2 along strike of the entire study area.  The 
central part of domain 2 shows the most extreme values of strike, dip, rake, and trend.  
The overall change in S2 and L2 orientation from north to south has been previously 
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interpreted as resulting from transport of domain 2 across an Iapetan transform fault and 
related along-strike variation in orientation of the shear zone in which S2 and L2 formed.   
INTRODUCTION 
 The curved structure of the Appalachian orogen is recognized as being a 
product of tectonic inheritance (Thomas, 2006).  Shorter wavelength curves are also 
expressed in the northern Taconic slate belt which lies along the Vermont and New York 
border.  In this region, the axial traces of F2 folds in domains 1, 2, and 3 of the field area 
(Fig. 2.1) define a salient-recess pair.  In domains 1 and 3, the axial traces of F2 folds 
trend approximately parallel to the overall structural trend of the Taconic Allochthon.  In 
domain 2, the axial traces of F2 folds trend NNW, oblique to the overall structural trend 
of the Taconic Allochthon.  The axial traces of F2 folds define a broadly curving salient 
in domains 1 and 2 while a more angular recess is made of domains 2 and 3.  
Microstructural analyses of synkinematic fibers around pyrite framboids have revealed 
that domain 1 primarily underwent contractional deformation while domain 2 underwent 
transpression. Crespi et al. (2010) proposed that the strata that underwent transpression 
within domain 2 were obliquely transported over a northwest-trending Iapetan transform 
fault.   
In general, the rocks in the field area are fine grained and contain a well-
developed, axial-planar, pressure solution cleavage (S2) and mineral stretching lineation 
(L2).  Detailed mapping of these structures could better constrain the geometry of the 
shear zone in which S2 and L2 originally formed.  In this contribution, measurements of 
the orientation of S2 and L2 are summarized within a ~360 km
2 area defined by the  
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Figure 2.1.  Geologic maps of the northern Taconic slate belt (Zen, 1961; Fisher, 1985).  
Small circles represent the 120 field sites where data was collected within a ~360 km2 
area defined by the kriging map boundary.  Purple field sites belong to domain 1, blue 
field sites belong to domain 2, and green field sites belong to domain 3.  Note the 
curvature of the axial traces of F2 folds along strike of the field area.  In domain 2, the 
folds trend NNW, oblique to the overall structural trend of the Taconic Allochthon.   
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kriging map boundary in Figure 2.1.   Four kriging surface maps were produced in order 
to graphically depict the spatial variation of the orientation of S2 and L2 along strike of 
the field area.  These data help inform a three-dimensional mechanical model currently 
being developed by Dr. Jean Crespi2 and Dr. Phaedra Upton3 that simulates deformation 
within an inclined transpressional shear zone. 
METHODS 
 Field work was conducted during the summers of 2009 and 2010.  The 
field area was roughly constrained to the parts of the Zen (1961) and Fisher (1985) 
1:48000 geologic maps in Figure 2.1.  Bedrock exposure is fairly limited across the field 
area and many of the sites are located along road cuts.  Despite the problematic exposure, 
emphasis was placed on collecting data at uniform distances.  At each field site, 
measurements of S2 were taken, and when possible, oriented samples were collected to 
determine the orientation of L2 in the laboratory using an optical microscope.  In total, 
~800 measurements of S2 were taken in this study and combined with ~700 previous 
measurements (Chan, 1998; Underwood, 2006), producing a total of ~1500 
measurements of S2 at 120 sites.  In addition, L2 was measured on 90 oriented samples 
collected in this study and combined with 55 samples from previous work (Chan, 1998; 
Underwood, 2006), producing a total of 145 determinations of L2 at 90 sites.  Structural 
data is available in the Appendix in Table 2.1. 
 For each site, a Bingham axial distribution was used to calculate the mean 
trend and plunge of the pole to S2 and mean trend and plunge of L2.  GPS coordinates 
                                                          
2 Dr. Jean  M. Crespi, Geoscience Program, University of Connecticut, Storrs, CT 06269 
3 Dr. Phaedra Upton, GNS Science, Avalon 5010, Lower Hutt 5040, New Zealand 
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were recorded at each field site and imported into ArcMap where the mean strike and dip 
of S2 and rake and trend of L2 were assigned as z-values associated with the geographic 
coordinates of the respective field sites.  Despite attempting to equally distribute the data, 
the data set was not spatially uniform; therefore, the kriging interpolation method was 
chosen to create a surface model.  The kriging interpolation method uses geostatistical 
techniques to produce a 3-dimensional surface model that predicts the z-values of a 
random field at unobserved locations from observations at nearby locations.  In the 
context of this study, the kriging maps represent structural maps that depict spatial 
variations of the strike of S2, dip magnitude of S2, rake of L2 on S2, and trend of L2.  It is 
important to note that the kriging method minimizes surface irregularities created by 
outliers; therefore, the color bars shown in Figure 2.2 do not represent the full range of 
structural values associated with each site. 
SPATIAL VARIATION OF SLATY CLEAVAGE AND STRETCHING 
LINEATION ORIENTATION  
Along strike of the entire study area, the kriging maps show a correlation 
between the strike of S2, dip of S2, rake of L2 on S2, and trend of L2.  As S2 strikes more 
towards the west, the dip of S2 becomes increasingly steeper, and L2 rakes at a smaller 
angle from the south.  The kriging maps define a transitional structural boundary between 
domain 1 and domain 2 located at approximately N43° 34’ and a transitional structural 
boundary between domain 2 and domain 3 at approximately N43° 26’.  In domain 1, the 
mean orientations of S2 and L2 are 013, 31 E and 111, 29, respectively, and the mean 
rake of L2 on S2 is 82° from the south.  In domain 2, the mean orientations of S2 and L2 
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Figure 2.2. Kriging surface maps of strike of S2, dip of S2, rake of L2 on S2, and trend of 
L2.  Across all maps, domain 2 contains anomalous values of strike, dip, rake, and trend. 
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are 354, 42 E and 124, 36, respectively, and the mean rake of L2 on S2 is 50° from the
south.  In domain 3, the mean orientations of S2 and L2 are 013, 32 E and 111, 35, 
respectively, and the mean rake of L2 on S2 is 82° from the south.   
These data suggest that domain 1 and domain 3 record a small component 
of strike-slip in addition to contractional deformation.  The central part of domain 2 
shows the most extreme values of strike, dip, rake, and trend and displays fundamental 
geometric differences between domains 1 and 3.  In addition, previous microstructural 
analyses reveal that there is a systematic change in the state of strain, strain symmetry, 
and strain magnitude along strike of the field area that is consistent with the boundaries 
between domains 1 and 2.  In short, the characteristics of domains 1 and 3 likely indicate 
two-dimensional deformation with a small component of sinistral shear, while the 
characteristics of domain 2 indicate three-dimensional deformation occurring during the 
formation of S2 that is indicative of inclined transpression (Crespi et al., 2011).   
CONCLUSION 
Although the strata in domains 1, 2, and 3 lie within the same regional-
scale shear zone, the overall change in S2 and L2 orientation from north to south suggests 
that there is an along-strike variation in the orientation of the shear zone in which S2 and 
L2 formed.  The results presented in this study help constrain the footwall geometry of 
the deformation zone for use in a three-dimensional mechanical model.  Based on the 
detailed mapping of S2 and L2 in this study and others, previous microstructural analyses, 
and preliminary modeling results, the observed deformational characteristics of domain 2 
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suggest that the allochthonous strata underwent transpression as they were thrust at a low 
angle over a northwest-trending Iapetan transform fault. 
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Site Lat. Lon. Strike (S2) Dip (S2) Rake (L2) Trend (L2) Plunge (L2)
YCC1 43.5695 -73.3214 350 31 119 111 26
YCC2 43.613817 -73.289117 025 36 70 098 35
YCC3 43.6063 -73.258167 001 30 104 118 29
YCC4 43.614617 -73.217217 355 22 117 117 19
YCC5 43.62075 -73.198183 019 29 102 118 37
YCC6 43.609483 -73.282183 010 29
YCC7 43.61065 -73.283583 018 34 76 092 35
YCC8 43.621933 -73.2976 022 34 68 098 26
YCC9 43.626583 -73.297033 025 30 81 114 28
YCC10 43.604383 -73.280917 001 21 116 117 23
YCC11 43.606933 -73.24255 012 27 91 111 22
YCC12 43.611067 -73.2349 009 18 94 114 22
YCC13 43.613133 -73.220733 008 28 108 107 27
YCC15 43.62235 -73.189283 357 25 112 112 25
YCC16 43.608132 -73.24 011 27
YCC17 43.609777 -73.237427 355 23
FMT2 43.617317 -73.294967 015 33 89 104 38
FMT4AB 43.631033 -73.233833 025 25 102 120 28
FMT4CD 43.63265 -73.231933 024 25 92.5 113 31
FMT5 43.659817 -73.232833 019 32
FMT6 43.663983 -73.231567 015 34 93 109 33
FMT7 43.656556 -73.23769 024 23 95 119 22
FMT8 43.646767 -73.24365 029 32 93 117 29
FMT9 43.611583 -73.23455 002 24 93 105 24
FMT10 43.63805 -73.246567 029 39
FMT11 43.641917 -73.233917 005 32 121 130 29
FMT12ABC 43.661267 -73.2297 017 39
FMT12DE 43.660033 -73.229933 019 42
FMT14 43.629383 -73.287933 034 23
FMT15 43.5996 -73.255817 358 36 108 111 35
FMT16A 43.61745 -73.242717 007 23 93 100 23
FMT16B 43.615417 -73.241767 013 30 91 103 31
FMT17 43.63115 -73.289617 026 25 93 121 27
FMT18 43.647517 -73.293117 010 21 83 093 20
FMT19 43.636317 -73.232433 029 26 70 108 21
FMT20AB 43.6244 -73.233033 013 32 102 114 28
FMT20CD 43.6269 -73.23295 008 27 96.5 108 21
DMT2 43.706733 -73.2544 014 66 93 109 69
DMT3 43.70955 -73.250483 020 56 73 092 48
DMT4 43.648217 -73.2925 034 33 73 106 31
DMT5 43.654983 -73.288517 005 24 93 115 24
DMT6 43.6507 -73.289633 009 13 89 099 15
DMT7 43.6904 -73.223917 008 35 123 119 18
DMT8 43.695433 -73.223017 014 33 94 122 30
DMT9 43.703217 -73.226533 005 59 120 132 45
DMT11 43.71685 -73.191117 007 53 107.5 129 51
DMT13 43.68815 -73.22905 014 19 115 121 18
DMT14 43.6883 -73.229883 016 46 93 114 48
DMT15 43.6875 -73.23675 017 61 79 092 49
DMT16 43.6784 -73.229233 019 40 99 118 37
DMT17 43.653667 -73.209117 019 19 109 128 23
DMT18 43.685269 -73.259529 009 16 80 103 18
DMT19 43.676317 -73.253983 028 37
DMT20 43.672433 -73.253467 013 15 108 118 18
DMT21 43.580433 -73.243517 340 30 125 112 26
DMT22 43.588833 -73.288217 352 29 100 093 32
Table 2.1
APPENDIX 
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DMT23 43.599483 -73.314033 009 21 112 113 15
DMT24 43.5952 -73.321533 010 20 97 103 23
THR 1 43.498017 -73.3267 358 32 112.5 126 35
THR 2 43.492271 -73.320089 010 36
THR 3 43.487867 -73.3124 357 36 130 132 20
HRUA 43.449583 -73.327883 002 24
HRUD 43.526717 -73.24735 017 44 88 097 41
HRUG 43.49795 -73.310017 005 27
HRUH 43.441739 -73.288313 354 47 116 122 41
HRU1 43.5127 -73.31295 342 40
HRU2 43.447417 -73.323233 010 42
HRU4 43.44355 -73.285583 346 47
HRU5 43.4518 -73.284633 002 36 139 149 23
HRU6 43.414733 -73.2764 352 32
HRU7 43.474283 -73.347567 000 42 134 148 28
HRU8 43.469383 -73.31615 336 64 120 140 54
HRU11 43.46715 -73.2691 340 49
HRU12 43.493867 -73.254283 011 29 103 115 32
HRU14 43.46145 -73.2833 348 41
HRU15 43.488083 -73.286783 354 47
HRU17 43.496917 -73.283783 339 51 141 131 22
HRU18 43.478789 -73.274822 005 47 98 109 45
HRU19 43.471567 -73.2843 340 59 122.5 110 39
HRU20 43.495 -73.2869 330 38
HRU21 43.503017 -73.295867 003 59 132 150 40
HRU22 43.5249 -73.322567 353 50 121 129 32
HRU23 43.5178 -73.262233 337 32 143 124 20
HRU24 43.527917 -73.286567 329 58 139.5 120 35
HRU26 43.518733 -73.28015 333 53 134 121 40
HRU27 43.482325 -73.268794 358 38 87.5 087 40
SHS 43.658283 -73.233233 025 25
SR1 43.443833 -73.266409 009 46 115 131 46
SR2 43.444083 -73.267 356 46
SR3 43.440033 -73.267617 003 48 106 130 49
SR4 43.441683 -73.266833 358 46
SR5 43.445617 -73.266333 353 55 140 140 30
HM1 43.55066 -73.28275 357 32 118 122 27
HM2 43.55061 -73.27046 001 13 111 112 11
HM3 43.53771 -73.30862 005 39 97 106 37
HM4 43.53756 -73.31263 004 65
HM5 43.55256 -73.326 345 53 105 105 47
HM6/7 43.5604 -73.306 024 38
HM6/7 43.56061 -73.30511 024 38
HM8 43.56073 -73.30492 008 34 111 133 34
HM9 43.56447 -73.25803 003 29 108 115 29
HM10 43.42534 -73.30969 004 27 81 075 26
HM11 43.4083 -73.33995 002 37 112 129 34
HM12 43.40006 -73.35721 013 46 91 103 45
HM13 43.42621 -73.339 010 35 125 137 27
HM14 43.41455 -73.34186 004 45 94 103 44
HM15 43.42035 -73.3407 005 37 92 099 35
HM16 43.38698 -73.33784 047 17
HM17 43.38439 -73.33936 026 16 97 117 19
HM18 43.36975 -73.3423 020 54 90 104 55
HM19/20 43.42365 -73.29617 027 16
HM19/20 43.4216 -73.29691 027 16 115 131 16
HM21 43.40681 -73.29302 036 14
HM22 43.40078 -73.2933 350 14
HM23 43.38937 -73.28229 001 40 121 130 35
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HM24 43.37194 -73.29395 032 13 88 117 12
HM25 43.37255 -73.33333 021 32 80 106 34
HM26 43.36553 -73.37042 022 55 84 092 60
HM27 43.38297 -73.37007 021 39 80 099 31
HM28 43.43053 -73.36541 002 40 100 101 39
* Strike measured using right hand rule convention
** Rake measured from direction of strike
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